Currently, several metals are commercially recycled from by-products and wastes by metallurgical processing. However, the metallurgical process has each characteristic, which causes limitation for resource recovery. The combinations of elements in secondary resources, such as byproducts and wastes, are often different from those in natural resources. There are even combinations that are not present in natural resources. Conventional metallurgical processes have been optimized for economical and efficient extraction of desired elements only from large amount of ores under constant grade. Therefore, in order to extract metals from secondary resources by the conventional metallurgical process, it is necessary to estimate the recoverability of the constituent elements by taking into account their chemical properties well in advance. In particular, analysis for combination of elements is significantly important.
Introduction
Recently, there has been a significant change in the supply and demand environment of depleting natural resources, including rare metals, because of the economic growth of BRICs (Brazil, Russia, India and China) and resource monopolization by resource majors. High quality, high-functionality electric and electronic equipment and automotive manufacturing are the key industries of Japan. It is of critical importance to secure rare metals and other depleting natural resources in order to manufacture highvalue added products such as electronic goods and iron and steel components to support these industries. Baba showed 1) the importance of securing rare metal supplies for the future growth of Japan's economy and noted the vulnerability 2, 3) of the resource supply structure. In Japan, a country that imports most industrial raw materials, strategic resource and waste management are of utmost importance; hence, the promotion of recycling used materials is required as the medium-to long term strategy for securing depleting resources.
Under these circumstances, in recent years, the concept of urban mines [4] [5] [6] [7] and recycling of waste electrical and electronic equipment (WEEE or e-waste) [6] [7] [8] [9] [10] have attracted significant attention. There are differing views on who and when the concept of urban mines was proposed. Nanjo 4) defined an urban mine as ''a place on the earth's surface where industrial products, which are considered as renewable resources, are stored.'' Tsunekawa et al. 5) stated that an urban mine is a place where secondary resources in urban areas are converted or recycled into usable materials and discussed the importance of technology to separate and refine secondary resources. Shiratori and Nakamura proposed the concept of ''Reserve to Stock (R-to-S) ' ' for the development of a metal recycling system that focuses on urban mines. 6, 7) With support from Akita Prefecture and the City of Odate, the Rto-S study group is currently conducting a project to test the collection of small domestic appliances (SDA). Currently, precious and rare metals from e-waste, including SDA, are the focus of the urban mine concept. In addition, e-waste management is gaining interest from an environmental point of view at a global level. Jianjie Fu et al. 8) showed that rice cultivated in southeastern China, where e-waste recycling is carried out on large scale, contains a very high concentration of heavy metals.
Wong et al. 9) pointed out that chemicals recycled from e-waste materials are indirectly exported. In light of these e-waste problems, an StEP (Solving the e-waste problem) approach 10) was founded with principal support from the United Nations organization and additional support from several high-tech manufacturers in US and Europe. Thus, metals contained in e-waste are attracting attention as urban mine resources because they are valuable sources but potentially hazardous.
Material flow analysis (MFA) is considered to be a useful tool for quantifying the supply/demand structure of resources, including recycled resources, and global material balance. [11] [12] [13] In Japan, details of the economy-wide material flow are published in the White Paper on the Environment 14) and the White Paper on Recycling. 15) Of particular significance is a study performed by Yamasue et al. 16) From the perspective of urban mines, they estimated the content of various elements in domestic appliances and showed the importance of recycling them. However, in their study, they did not take into account thermodynamic information such as distribution of metals during metallurgical processes, and hence, their study on the recyclability of these metals is not considered to be complete.
In this study, we propose a method based on thermodynamic analysis for evaluating the recyclability of secondary resources, such as by-products and end-of-life (EoL) products, and evaluate the effectiveness of this method using endof-life mobile phones as a typical example of a small highperformance SDA. We discuss recyclability evaluated by thermodynamic analysis as the ability to chemically extract metals from e-waste by a certain recovery process. However, we have not examined the economic rationality of this process in this study. We also need to evaluate the yield of individual processes separately.
Evaluation of Metal Resource Recyclability based on Thermodynamic Analysis
In both ferrous and nonferrous metallurgical processes, ores of natural resources are used as raw materials to produce metals; these processes also use secondary resources such as by-products and waste materials. In the case of using natural resources, the relationship between the desired elements and accessory elements is relatively clear. Using metal wheel charts, Reuter et al. 17) showed combinations of elements in natural resources. Combinations of elements in secondary resources are often different from those in natural resources. There are even combinations that are not present in natural resources. Conventional metallurgical processes have been optimized for economical and efficient extraction of desired elements only from large amount of ores under constant grade. Elements not contained in natural resources have not been sufficiently evaluated. Therefore, in order to extract metals from secondary resources by the conventional nonferrous metallurgical process, it is necessary to estimate the recoverability of the constituent elements by taking into account their chemical properties well in advance. This study attempts to estimate the recoverability.
Thermodynamic analysis
The extraction conditions in both ferrous and nonferrous metallurgical processes have been suitably optimized for the efficient recovery of desired elements from natural resources, and the recovery of elements not contained in natural resources from secondary resources by using the metallurgical processes is limited because of the characteristics of the metallurgical processes and chemical properties of the elements. For example, the successful recovery of resources by pyrometallurgy depends mainly on the process atmosphere (e.g. partial pressures of oxygen and sulfur) and the equilibrium redox potential and vapor pressure of the target element. In this study, a thermodynamic analysis was performed to quantitatively discuss recyclability of elements, assuming resource recovery using a conventional metallurgical process. In particular, the relationship between (a) the vapor pressure ratio of elements dissolved in a solvent metal and the solvent metal itself and (b) the distribution ratio of elements between solvent metal and oxide slag is investigated to study the distribution of elements, slag, and gas phases, when Cu, Pb and Fe are used as solvents. Figure 1 shows the distribution tendency of elements at 1500 K when a converter of copper metallurgy is used, where 1 mol% of each of the metals contained in the e-waste is dissolved in copper solvent. The horizontal axis is the logarithm of the vapor pressure ratio between elements and Cu, p i =p cu , of each metal, [18] [19] [20] and the vertical axis is distribution ratio of elements between metal Cu and oxide slag, x i(Me)inCu =x i(Ox)inSlag . [18] [19] [20] The following relationships were used to obtain the abovementioned parameters. 
where K, ÁG , p i , p i , a i , i and x i are equilibrium constant, the standard Gibbs free energy, vapor pressure of pure element i, vapor pressure of element i, the activity in Raoultian standard state, the activity coefficient and mole fraction of each metal in copper, respectively. R is the gas constant; T, the absolute temperature. The equilibrium constant for eq. (1) is shown in eq. (2) . The activity of pure element is unity hence eq. (3) can be derived by rearranging eq. (2). In eq. (4), O x is an oxide of metal M. When multiple oxides are stable, the oxide in equilibrium with M is selected as Ox. Equilibrium constant for eq. (4) can be expressed as eq. (5). The activity coefficient of M x O y was assumed to be unity as a first approximation. It is needless to say that the activity coefficient of M x O y depends on the slag composition. However, unit activity coefficient is assumed in this study to show criteria and observe the tendency of element distribution among metal, slag and gas phases. The mole fraction of elements in copper was set at 0.01. Value of vertical axis, logðx i(Me)inCu =x i(Ox)inSlag Þ, cannot have a value lower than À2, because x i(Ox)inSlag will not exceed unity. However, hypothetically calculated value was utilized to observe the tendency of oxide formation. Because of non-availability of the abovementioned data at specific temperatures, data pertaining to Au, Ag, Pd, Sn, and Hg are approximated by extrapolation.
i is calculated for infinite dilution, assuming the existence of a regular solution. When the partial molar excess Gibbs energy of mixing of i (G XS i ), partial molar heat of solution of i (ÁH M i ), or i is known, the constant can be calculated using eq. (7) and converted to i at a specified temperature.
Because of the non-availability of the abovementioned data for Pt, W, and Hg, i is assumed to be 1. For calculating p O 2 , measurements 21) recorded in the copper-making stage in a converter are used.
Element distribution tendency between metal and slag can be clearly separated by the boundary at logðx i(Me)inCu =x i(Ox)inSlag Þ ¼ 0. Boundary between metal and gas was assumed to be the condition that satisfies both logðp i =p Cu Þ ¼ 1 and logðp i Þ ¼ À3. Element that tends to distribute to slag phase than metal phase may distribute to gas phase if it has high vapor pressure. Hence, boundary between slag and gas was assumed to have a slope of À1 in the figure.
Cu, precious metals such as Ag, Au, Pt, and Pd and Bi are found to be distributed in the metal phase, while Hg in the gas phase. Our analysis also shows that elements such as Fe, Cr, and Al are distributed in the slag phase. The behavior of In is found to be markedly different from that of other elements distributed in the slag phase (the reason for this will be discussed later). Currently, precious metals are recovered by pyrometallurgy of copper smelting. This is because direct recovery is difficult for by-products and wastes containing precious metals by using hydrometallurgy, and hence, they can be recycled by utilizing their strong chemical affinity with copper. With consideration for current recycling system, recovery of elements distributed in the metal and gas phases is easy, but that of the elements distributed in the slag phase is difficult. Figure 2 represents a chart of the relationship at 1873 K when 1 mol% of each of the elements is dissolved in Fe. As in the case of Cu, the chart is designed using eqs. (1)- (6) . The values provided in references [22] [23] [24] [25] are used for calculating the activity coefficient of each element in Fe, and the oxygen partial pressure of the system is estimated to be 1:9 Â 10 À10 (atm) 23, 26) under the assumption that the partial pressure can be controlled by the equilibrium between the metal and the slag. However, Ag, Pb, and Ca do not dissolve in Fe when their concentration is 1 mol %; hence, the metal melt is saturated with these elements. Therefore, the vapor pressures of pure Ag, Pb, and Ca are used for our calculations.
An analysis shows that Fe, Cu, Sn, Ni, Co, Mo and W are distributed in the metal phase, Zn, Ag and Pb in the gas phase, and the other elements in the slag phase. In the existing recycling system, elements distributed in the gas phase are easier to recover than those distributed in the metal and slag phases. Figure 3 shows the results of the analysis carried out for a lead blast furnace with Pb as the solvent. [18] [19] [20] [27] [28] [29] In the analysis, i(M)inPb is assumed to be equal to 1 when Fe, Cr, Mn, Pt, and W are dissolved in Pb. This figure indicates that in addition to the precious metals, Cu, Sn, and Bi can also be recovered from the metal phase. On the other hand, Fe is shown to be distributed in the slag phase. In the current process, though Zn has a high vapor pressure, it cannot be separated as a gas from the blast furnace due to the structure of the furnace. Figure 4 demonstrates the analysis carried out for the imperial smelting process (ISP), a pyrometallurgical process of zinc. [18] [19] [20] 27, 28, 30) The ISP, in which Pb is made as the solvent, is used to produce Zn and Pb simultaneously. Therefore, the results of this analysis are almost consistent with those with of the analysis involving the Pb blast furnace; however, Zn can be removed as a gas from the furnace. This is because Pb as a Zn absorber is placed outside the furnace so that it forms an alloy with Zn, thus removing it from the furnace. Figure 5 shows the trends in the distribution of elements in the metal, slag, and gas phases observed in the case of different metal solvents on the basis of the results of the above thermodynamic analysis and technical information on metallurgy processes. Under the actual copper furnace conditions used in copper metallurgy, Zn and Pb are recovered as dust from the converter because they gradually evaporate even at vapor pressures less than 1 atm.
Distribution of elements among gas, slag, and metal phases during metal recovery
In ferrous metallurgy, values of the vertical axis for Cr and Mn were found to be lower than zero. From the calculation results, it can be concluded that Cr and Mn are mainly distributed in the slag phase. In this study, the activity coefficient of M x O y was assumed to be unity due to lack of thermodynamic information. However, value of the vertical axis will depend on the activity coefficient of M x O y in slag phase. Hence, these elements will also be distributed some extents to the metal phase.
Recovery of precious metals from secondary resources such as by-products and wastes by pyrometallurgy (conventional nonferrous metallurgy) involves their extraction into the metal phase using Cu or Pb as the absorber. In ferrous metallurgy, Zn, which is distributed in the gas phase and collected as crude ZnO, is recovered by an intermediate process such as the Waelz process and used as a raw material for zinc metallurgy. 31) However, in ferrous metallurgy, recovering elements distributed in the metal phase is not economically feasible, and hence, this is not presently in practice. Therefore, for the beneficial use of elements, it is important to develop a pre-sorting system and accurately define scrap specifications by taking into account the elements contained in the e-waste. 
Applications and Results
A method based on thermodynamic analysis is proposed for evaluating the potential recyclability of important metals, using end-of-life cell phones as an example of the e-waste. Mobile phones are typical small high-performance SDAs, for which a recycling process has been established, mainly in the copper metallurgy industry; hence, they can be used to evaluate the usefulness of our proposed evaluation method.
In this study, a thermodynamic analysis is performed on elements contained in mobile phones to evaluate resource recyclability by copper metallurgy. The evaluation, which is performed in terms of weight and TMR (total material requirement), 32, 33) focused on 17 items, such as plastics, glass, and Fe, which account for a large proportion of the weight of a mobile phone, in addition to Au and Ag, which have a high total material requirement per unit weight. TMR is an indicator of the quantity of material, including direct and indirect material inputs by human economic activities and non-economic hidden material flows. TMR that represents material intensity is one of the important resourcepotential indicators that are attracting attention globally. Information on the material composition of mobile phones is obtained from a previous report. 34) Table 1 shows the weight composition and TMR 33) -weighted material composition of mobile phones. Figure 6 shows a chart of the relationship between the vapor pressure ratio between elements and solvent and the distribution ratio of elements between solvent and slag when Cu is used as a solvent, along with the content of various elements in a mobile phones. In this figure, the elemental composition of a mobile phone is explicitly represented in the form of a pie chart. An analysis shows that Cu and precious metals (Ag, Au, Pt, Pd) are distributed in the metal phase, while Pb and Zn are distributed in the gas phase. These elements can be recovered by the current copper metallurgical process. The analysis also shows that other elements distributed in the slag phase are difficult to recover. Recoverable elements account for approximately 11% (11.8 g/unit) of the total weight (104.2 g/unit) of the 17 constituents of a mobile phone. Figure 7 shows an analysis of the weighted material composition using TMR as an indicator of the resource potential. TMR is an indicator of the quantity of material, including direct and indirect material inputs by human economic activities and non-economic hidden material flows. The analysis shows that the above seven items (Cu, Ag, Au, Pt, Pd, Pb, Zn) account for only 11% of the total composition of a mobile phone on a weight basis but approximately 90% on a TMR basis.
Discussion
This section examines the validity of the results of our thermodynamic analysis, which provides a basis for the proposed evaluation method and also discusses the evaluation results when this method is applied to recycling of mobile phones.
Since the analysis performed in this study uses simple assumptions, the conditions are not exactly reflective of the actual industrial process. For example, the sulfur partial pressure must be considered in the actual copper metallurgy process carried out in a Cu converter. However, even if this partial pressure is considered, there is no notable difference between the results of our analysis and those obtained in the study performed on the actual metallurgical process, suggesting that this analysis is a useful indicator for primary screening during the recovery of resources. Since this analysis is based on equilibrium, the kinetics of the process must also be considered for the actual resource recovery process. For example, as mentioned previously in this paper, Zn and Pb are recovered as dust in Cu converters. This is because they gradually evaporate even at vapor pressures less than 1 atm. If the vapor pressure is close to 1 atm, they can However, thermodynamic data on suboxides are inadequate in both quantity and quality, while the accuracy of the available data is still questionable. Hence, more reliable data must be collected and examined for our future studies. The potential resource recyclability of mobile phones recycled by copper metallurgy is only 12% on a weight basis. The precious metal recovery process is useful in recovering precious metals that have a strong chemical affinity for Cu, but it is not suitable for recovering materials that are distributed in the slag phase, such as Fe and Mg. Therefore, it necessary to separate stainless steel lead frames, electromagnetic shields made of AZ91-alloy, and plastic casings before collection. The potential resource recyclability of mobile phones on a TMR basis is 91%. This suggests that recycling of mobile phones by copper metallurgy is beneficial in terms of TMR.
Conclusions
This study proposes a method based on thermodynamic analysis for evaluating the potential resource recyclability of important metals and evaluates the usefulness of the method by applying it to study the recycling of end-of-life mobile phones. The following are the main conclusions of this study:
(1) In the pyrometallurgy of Cu in a converter, where Cu is used as a target metal for purification, Cu, precious metals (Ag, Au, Pt, Pd), and Bi are distributed in the metal phase, while Hg is distributed in the gas phase. Elements such as Fe, Cr, and Al are distributed in the slag phase. (2) In ferrous metallurgy, where Fe is used as a target metal for purification, Fe, Cu, Sn, Ni, Co, Mo and W are distributed in the metal phase, while Zn, Pb and Ag are distributed in the gas phase. Other elements are distributed in the slag phase. (3) In lead metallurgy in a blast furnace, lead and zinc metallurgy in the ISP, precious metals as well as Cu, Sn, and Bi can be recovered as the metal phase. (4) A thermodynamic analysis shows that Cu and precious metals (Ag, Au, Pt, Pd) present in mobile phones can be recovered as metals, while Pb and Zn can be recovered as vapor. Other elements distributed in the slag phase are difficult to recover. The result of our analysis reflects the trends observed in the distribution of metals in copper metallurgy, thereby indicating the validity of our proposed evaluation method.
